The goal of the ARIES compact stellarator is to define and assess a stellarator-based fusion power plant to
I. INTRODUCTION
The ARIES studies, sponsored by the U.S. Department of Energy and led by the University of California, San Diego, have explored, developed, and examined numerous magnetic and inertially confined conceptual commercial electric power plants. The ARIES compact stellarator~ARIES-CS! power plant 1 is the current fusion power plant study. The goals of this study are to capture the very attractive operational features of a stellarator while packaging it very compactly to bring the capital cost closer to that of the tokamak and without impacting the usability of the device. A measure of the usability is the plant availability that directly influences the busbar cost of electricity~COE!, just as does the plant performance~gross electrical power!, net plant efficiency, and annual operational costs. This paper specifically examines how the compactness of the stellarator impacts the maintenance approach and the design of the maintenance facilities and hardware. Moreover, the approach and maintenance equipment and facilities are used to analyze the scheduled power core maintenance actions and the overall plant availability factor. Other ARIES-CS papers address the overall power core design and discuss how the physics and coil definition determine and influence the power core elements. Especially important to the maintenance approach is the geometry definition of the toroidal coils, which directly determines the location and size of the available maintenance ports.
The power core is defined to be the innermost subsystems that produce and contain the plasma and convert the fusion power into thermal power. The power core consists of the first wall, blanket, shield, divertor, invessel shielding, internal structure, modular toroidal field TF! and poloidal field~PF! coils, vacuum vessel, cryostat, and plasma heating for start-up. No current drive systems are required for a stellarator device. The power core systems are a part of the reactor plant equipment that is uniquely configured to the particular magnetic confinement concept.
II. POWER CORE MAINTENANCE PHILOSOPHY
Two of the primary guiding principles, or goals, for the overall fusion power plant continue to significantly influence the design and operation of its maintenance system-the plant must be safe and economical.
The plant must be safe both to the general population and to the plant workers, including the maintenance workers. A fusion power plant is a nuclear device that emits high-energy neutrons during operation. During operation, sufficient shielding within the power core and the biological shield~bioshield! is provided for the plant operational personnel. These personnel are not allowed inside the bioshield during operation. During shutdown periods, secondary reactions from the highly irradiated power core materials continue to produce beta and gamma radiation inside the power core at a lower rate as compared to the dose rate during operation. The power core materials are chosen to minimize these secondary radiation levels and long-lived radioactive waste products. After a 24-h cooling-off period, the radiation level within the power core will decrease by roughly two orders of magnitude to a level suitable for remote access with radiation-hardened maintenance equipment, as documented in ARIES-RS~Ref. 2!. It is anticipated that the governing regulations for allowable radiation levels for nuclear plant workers will continue to be upgraded to ensure no hazardous exposure. This assumption would effectively mandate that all maintenance and refurbishment of power core replaceable components would be accomplished entirely by robotic equipment, both within the power core, during transit to the hot cell, and in any disposal or refurbishment in the hot cell. No hands-on maintenance of the power core components is allowed or required.
For the power plant to be as economical as possible, the plant availability must be as high as possible. Current annual availability experience for mid-to large-sized power plants is in the high 80% range, with some instances in the 90% range. Data from the North American Electric Reliability Council's 2001-2005 "Generating Availability Report" 3 show that the average plant availability factors were 89.9% for nuclear plants~in the 1000ϩ MW range!, 82.64% for fossil-steam plants, 93 .48% for jet engine plants, 93 .14% for gas turbine plants, and 88.81% for hydroelectric plants. These availability factors are the current industry averages for technologies that are 50 or more years old. The first fission plants were really learning experiences, and their availability factors were initially very low and slow to evolve to their current levels. Fusion~and other emerging energy power-producing technologies! has the advantage of leveraging the experience and technologies of much of the balance-of-plant and other conventional power production subsystems and components. The lack of applicable operational fusion system experience in power core component lifetimes, reliability data, and maintenance hardware or operations have left conceptual design studies with zero data and no insight. Prior fusion conceptual design studies have traditionally resorted to adopting an arbitrary conservative availability factor of 75% in lieu of a substantiated value.
To gain some insight into what availabilities might be feasible and achievable, the ARIES design team has begun to emphasize the extension of the lifetimes of the power components and has concentrated on separating the life-limited and the life-of-plant components to facilitate maintenance operations, focused on designing power core systems to ease maintenance, and implemented studies on maintenance approaches to enhance maintainability and availability. The maintenance approaches for ARIES-RS~Ref. 4! and ARIES-AT~Ref. 5! are good examples of these study initiatives. The ARIES-RS team established a goal availability of 90% and decomposed the subsystem availabilities to achieve the goal. Subsystems were designed with the intent of meeting these goals. But lacking data, ARIES-RS used 76% in the COE computation. ARIES-AT also established the availability goal of 90% and substantially increased the importance of designing the power core to be easily and quickly maintained. Much effort was applied to defining the maintenance equipment and the detailed procedures for the routine maintenance. It was conceivable that 90% availability could be achieved on the tenthof-a-kind power plant, but the design team was reluctant to baseline an availability purely on projected capabilities, so the final value for ARIES-AT of 85% availability was adopted.
A similar approach was adopted on ARIES-CS, but the complexities of the modular stellarator were found to be much more difficult. The compactness of the power core also was a complicating factor. So an availability of at least 85% was established as the nominal goal for potential fusion power plants.
The definition of availability in Eq.~1! is the amount of time the plant is available for power production divided by the total time, which is the sum of the operational time and the downtime. For a base-loaded plant, it is assumed that all downtime is associated exclusively with either scheduled or unscheduled maintenance.
Availability ϭ

Operational time
Operational time ϩ Scheduled downtime ϩ Unscheduled downtime .~1! Operational time is the power production time over a set period of time. Scheduled downtime is the sum of regularly scheduled maintenance periods for the power core, other reactor plant equipment, and balance-of-plant equipment. The unscheduled downtime is the summation of maintenance times to repair operation failures that cause the plant to cease power production. Failures that do not cause a power interruption are not considered.
The primary interest for this aspect of the study is the influence of the power core components on the plant availability. The maintenance actions for the power core, both scheduled and unscheduled, are primarily related to those components with a limited lifetime. The life-ofplant items0components are designed with a very low probability of failure. Thus, they will not be addressed herein except that they must be designed such that should a failure occur, they are accessible, maintainable, repairable, and replaceable.
The maintenance of the internal power core components must be efficient and expedient to keep the maintenance downtimes as short as possible. It is assumed that aggressive maintenance research and development programs will be implemented to accomplish an automated robotic maintenance system that can quickly and efficiently inspect, diagnose, repair, remove, replace, and inspect all components of the power core. The degree of automation and autonomy is unknown at this point, but the trend is toward a higher degree of autonomy, that is, self-determination of the actions to be accomplished. Since this power plant design is based on a tenth-of-a-kind plant, all design definition and maintenance actions would have been fully vetted and a highly efficient maintenance operation is likely. The use of expert systems will be expanded to help develop and enhance experience databases for maintenance systems. Fuzzy logic will be applied to help analyze new variations on maintenance situations. Vision, position, and feedback control will be enhanced to provide precise position and motion control that would compensate for unexpected position and loading conditions. Optimization programs will refine the maintenance procedures to speed the overall process. The ability to predict component wearout and incipient failures will continue to be improved.
III. MAINTENANCE IMPACT OF A COMPACT STELLARATOR DESIGN
The overall goal of the ARIES-CS study was to investigate the inherent advantages and issues that would arise in adopting a very compact stellarator design. The initial step was to investigate and define the potential modular toroidal field coil sets that would offer a stable, high-beta plasma with attractive engineering features.
These engineering features would include reasonable coil bend radii, moderate out of plane excursions for the coils, sufficient access between coils, and adequate space for access~maintenance, support, heat transport plumbing, vacuum ducts, and plasma startup heating!.
III.A. Selection of a Coil Configuration
Several classes of coils were assessed, 6 including two that were more intensively examined, namely, the quasi-axisymmetric derivative of the NCSX~National Compact Stellarator! 7 three-field period configuration designated as ARE and an MHH2 two-field period configuration. These are shown in Fig. 1 . A greater physics basis and design experience from NCSX led to an earlier and more extensive examination of the ARE case, which was adopted for the baseline ARIES coil configuration. A more in-depth assessment is provided in Ref. 6 .
III.B. Selection of a Maintenance Scheme
In concert with the coil0plasma selection and the definition of the internal power core components, the maintenance approach was evaluated and defined. One maintenance approach evaluated is to remove complete field period sectors. In this approach, the vacuum vessel is external to the coils and must be opened first. Next, the field period sectors are translated radially outward a short distance~implying a much larger enclosing bioshield!, and the blanket and divertor modules are then removed toroidally in sequential order. The convoluted geometry of the first wall, blanket, and shield required a threedimensional analysis to determine whether the blanket modules could be extracted toroidally without interference with the outer hot shield. In a few instances, the hot shield was slightly modified to allow additional clearance space. A field period sector of the power core is a very large and massive component to be moved~approx-imately 4000 tonnes!. The superconducting coils have to be deenergized and warmed, and all lifetime components have to be disconnected and realigned upon reinsertion. Based on these considerations, this approach was not selected as the baseline maintenance approach.
Another maintenance approach is to leave all lifetime components~hot shield, coolant manifold0hot structure, vacuum vessel, and coils0coil structure! in place and remove only the life-limited components~first wall, blanket, divertor, and a few elements of the shield!. These replaceable components would be removed through the maintenance ports. The size of the main maintenance ports determines the blanket and divertor module sizes and geometries. This is the approach adopted.
III.C. Selection of Coil Structural Approach
A design approach for the stellarator coil structural support in existing experiments is to create a coil structure for each coil, i.e., the NCSX design approach. 8 Then the conducting cables would be wound onto individual structures. In turn, the structures would be joined to each other to form a field period and then field periods would be joined. Usually for the larger-radii stellarators, the coil interconnecting structures are rather open lattice structures with much open space between individual coil structures. In the case of the more compact NCSX experiment, each individual coil structure has integral bridging structure including bolted flanges for connection to the adjacent coil structures.
For ARIES-CS, the approach selected [9] [10] [11] was to employ a single monolithic field period coil structure that contains internal grooves for the superconducting coils, thicker side and outside~away from plasma! structural support for the coil electromagnetic forces, and a thinner innerconnecting structure in regions farther away from the coils. This monolithic structure will be operated at cryogenic temperatures and accommodate all penetrations for maintenance, vacuum pumping, heat transport plumbing, and plasma start-up heating systems. A single field period without and with coils is shown in Fig. 2 .
III.D. Selection of Port Locations
The coil configurations were carefully examined for locations to maximize the necessary penetration envelopes, allow adequate functionality of the penetrating component, and still have sufficient structural strength and minimal deflection under design loading conditions. Table I is a tabular listing of the ports provided through the coil structure. For maintenance, three large ports are located outboard on the 0-, 120-, and 240-deg planes and centered on the horizontal midplane. In addition, the electron cyclotron heating~ECH!0auxiliary maintenance ports are used to help with the maintenance procedures.
III.E. Impact of Radial Build
Moving the coils inward to be as compact as possible also has a profound impact on the power core components internal to the coils, namely, the first wall, blanket, divertor, shielding, and internal supporting structures. The intent is to maximize the content of the lifetime components while minimizing the size and number of the replaceable components. Reference 12 documents this approach to create an optimized radial build for all regions of the compact stellarator. A further refinement is to create a specialized tapered blanket0shielding region that is much more compact radially and that allows further minimizing of the radial thickness of the stellarator configuration in the critical areas.
III.F. Feasibility Ground Rule
One other study premise has a profound effect on the maintenance approach and analysis for ARIES-CS. The ARIES project has a ground rule that any design approach must be demonstrated or deemed feasible based upon today's technology and not rely on a completely unproven future development to achieve a viable solution. For the maintenance approach, the current approach is to connect all high-temperature heat transfer fluid piping with welded joints and disconnect0reconnect these joints by grinding, cutting, and rewelding the pipes. Thus, all blanket heat transfer fluid piping must use the cutting and welding approach. An advanced connection approach that would allow a much faster blanket replacement was proposed, but it is considered only as an advanced maintenance option.
The design approaches and guidelines outlined above are the basis for the development of the maintenance approach for the ARIES compact stellarator.
IV. DESIGN APPROACH FOR MAINTENANCE EQUIPMENT AND MAINTENANCE FACILITIES
IV.A. Maintenance Port Definition
With the study goals and the basic design precepts in place, the design approach for the maintenance equipment could be developed. The port maintenance is the baseline approach, with all blanket and divertor modules passing through large maintenance ports. As noted in Table I , there is only room for a single large maintenance port per field period that is located outboard at the 0-deg poloidal position on the horizontal midplane~repeated at 120 and 240 deg!. This maintenance port envelope is 3.85 m high and 1.85 m wide. Slightly larger dimensions are possible with some corners clipped to clear the close TF modular coils, but this is deemed to be an undesirable envelope and was not pursued. Likewise, a slightly larger envelope is possible if the envelope is tilted; however, this idea was also rejected. Figure 3 shows an operational power core crosssection view at the 0-deg poloidal position, with the plasma shown in the interior of the power core. To gain access to the power core vacuum vessel maintenance port, a section of the bioshield is removable. This sizable bioshield door is on hinges or rollers that will allow it to be withdrawn and stored to the side. This allows access to the vacuum vessel main maintenance port. The 3.85-m-high and 1.85-m-wide opening is the inside dimensions of the vacuum vessel port extension. Since both the vacuum vessel and the coil structure have openings in their structure, an equivalent shielding component is provided in the port vacuum duct area. There is a removable shield element~port shielding! inside the vacuum vessel port duct. Due to the nuclear heating in this region, this removable component must be cooled. This element will also be removed and placed outside the power core. Removal of these elements allows access to the internals of the power core. These design parameters are used to develop an approach for port maintenance equipment and maintenance facilities. The design approach described is not unique, but it would be representative of a reasonable means to accomplish the desired maintenance. the bioshield as an area to dock large mobile transporters for the removal of power core sections. In the ARIES-RS and ARIES-AT design approaches, the time to transport the few large components was short in comparison to the other maintenance actions. But with the ARIES-CS design, there are a total of 198 blanket modules and 24 divertor modules to be removed. The approach adopted is to use a fixed transfer chamber permanently attached to the bioshield, as shown in Fig. 4 . The size of the internal transfer chamber is not defined, other than that it should be large enough to accommodate the maintenance equipment and removed and stored power core components. The transfer chamber has airlocks that allow ingress and egress of mobile extractor machines to remove the blanket and divertor modules and place them into smaller mobile transporters. These mobile transporters dock to the transfer chamber, accept the used modules, and transfer them quickly to the hot cell for refurbishment or disposal. New modules are brought to the transfer chamber and subsequently installed into the power core. On the far side of the transfer chamber, as shown in Fig. 4 , the transfer airlock door prevents any connection between the plasma chamber and the building atmosphere during maintenance.
IV.B. Maintenance Port Access Provisions
IV.C. Transfer Chamber Approach and Definition
This transfer chamber approach allows the extractor equipment to work at maximum efficiency by disconnecting the power core modules, removing them from the core, bringing them inside the transfer chamber, and transferring them into the awaiting mobile transfer modules for transit to the hot cell. Then, the transfer modules independently transfer the removed components back to the hot cell. Thus, the interior power core operations and the external operations are accomplished in parallel, except for common operations at the transfer airlock door. This concept of the fixed transfer chamber has a safety advantage as providing a more secure containment barrier, as discussed in Ref. 13 .
IV.D. Initial Maintenance Actions for Access to Power Core Interior
For both scheduled and unscheduled maintenance actions, the power core must be powered down with plasma extinguishment. The coils will be deenergized but will remain at cryogenic temperatures. The heat transfer fluids and coolants continue to be circulated to remove the stored energy and decay heat. This is accomplished over a 24-h deactivation and cooling-down period. During this time, the power core maintenance equipment, the extractor, is readied and positioned for entry into the power core, as shown in Fig. 5 . Just outside the bioshield is a lower region of the transfer chamber that allows the bioshield door to be removed and translated to the side, as shown in Fig. 6 . The vacuum vessel door is then removed and set aside. After this vacuum door is in the storage position, the floor is raised or a platform is installed at floor level for the remainder of the maintenance actions at this port.
The next component in the vacuum port duct for removal is the removable shield plug~see Fig. 7 ! that supplies a shielding equivalent for the vacuum vessel and coil structure. This plug structure is designed to closely fit to the vacuum port walls to minimize neutron leakage around the periphery of the shield plug. This component receives some nuclear heating that requires active cooling. Plumbing connections are not defined at present.
IV.E. Removal Procedure for the Main Port Blanket/Shield/Manifold Assembly
The removal of most of the blanket modules requires disconnection of their plumbing and the mechanical fasteners from the underlying shield. However, at the main ports all of these components of blanket, shield, and manifold0structure must be removed to gain access to the interior. It is possible to sequentially disconnect and remove each component in the port region, but it is more convenient to remove the entire assembly as a single unit, as shown in Fig. 8 . Structural and plumbing connections to the adjacent coolant manifold and structure are disconnected by removing access covers. This level of detail is not defined at this conceptual design stage. The extractor maintenance machine secures and holds this assembly while the connections are disconnected. Following the disconnection of the plumbing and structural connections, this port assembly is removed through the vacuum vessel port, as shown in Fig. 8 . This assembly is as large as possible while still fitting through the port area.
IV.F. Blanket Module Maintenance Provisions
The removal sequence of the vacuum vessel port shielding plug first opens up the main maintenance vacuum port and provides access to the power core elements for removal and replacement. All life-limited first-wall0 blanket modules, shown in Fig. 9 , are mechanically attached to the hot shield with mechanical fasteners and coolant manifold0structure via the helium and LiPb coolant piping throughout the power core, as explained in Ref. 9 . Fig. 7 . Removal of the vacuum vessel main port shield plug. Fig. 8 . Removal of the port blanket, shield, and manifold0 structure with extractor. The hot shield, in turn, is structurally attached to the hot coolant manifold0structure, which, is then supported by the vacuum vessel and power core structure. The physical attachment of the blanket modules to the hot shield is tentatively defined as four mechanical fasteners~two special internal wrenching nuts from each side of the blanket! accessed through shared small holes or recesses along the edges of the blanket module, as shown in Fig. 10 .
These fasteners are located deep in the blanket, close to the shield, to minimize the radiation damage 12 to the underlying components. The removable fasteners can have some additional shielding capability, if required. These special nuts will be replaced with the blanket. Shear keys are provided to help align and support the blanket modules. In addition to the connection to the hot shield, the outer coolant pipes at the back of the blanket provide support from the coolant manifold0structure. These coolant connections are disconnected before blanket module removal. These connections are at the back of the blanket module and are completely inaccessible from the front, as shown in Fig. 9 . Access to the coolant connections is provided by removing shielding blocks behind a previously removed adjacent module and around the pipe connections, as illustrated in Figs. 10 and 11 , which show schematically the location of four blanket modules. In these figures, the lower right blanket module has been removed previously and the upper right blanket module will be removed next. Shielding block 1 is accessible and removable after its overlaying blanket module is removed. Then the semicircular shielding block 2 is translated from behind the blanket module and removed. The semicircular shielding ring~shielding block 3! is then rotated 180 deg and removed. This provides a small annular access area around each tube. A cutting machine is inserted into the annular ring area to disconnect the outer heat transfer pipe. The inner pipe has a slip joint in this area so that cutting the pipe is not required. This subject is discussed in detail in Ref. 6 .
IV.G. Divertor Module Maintenance Provisions
The other type of module to be removed from inside the power core is the divertor module. The 24 individual divertor modules, as shown in Figs. 5, 6, and 7, are located near the more pointed sections of the plasma and extend locally 625 deg toroidally. The divertor modules are not anchored on the structural manifold; rather, they are structurally attached to the vacuum vessel via their coolant piping. Figure 12 shows the structural and plumbing arrangement. The internal shielding inside the pipe is designed to reduce the neutrons streaming down the pipe to acceptable levels and protect the manifold regions to achieve life-of-plant lifetimes.
IV.G.1. Technique for Disconnecting Divertor Module Plumbing
The initial step of the divertor module replacement is to open access ports in the divertor plumbing near the center of the power core outside the vacuum vessel and coil structure. This allows the central maintenance machine to reach in and remove the inner pipe and internal pipe shielding. Further explanation of the central maintenance machine is provided in a later section. Removing the inner pipe and shielding is possible because the inner pipe connection is designed to be a slip joint near the back of the divertor. Once the inner pipe assembly is removed, there is sufficient access inside the pipe to bring in a cutting machine to cut the smaller-diameter section of the outer pipe close to the divertor back surface. The cut has to be close to the divertor because cutting the larger-diameter pipe would trap the divertor pipe behind the blanket. During the cutting operation, the articulated arm of the extractor machine inside the power core is supporting the divertor module. Once the outer pipe cut is accomplished, the maintenance extractor removes the divertor module and takes it out the main port. Because the first pipe cut was made close to the plasma, the remaining pipe will have been sufficiently damaged by neutrons that it cannot be rewelded. Thus, a second cut is done farther away from the plasma, perhaps near the vacuum vessel or coil structure, in a region where rewelding is possible. During this second cut, the articulated arm of the extractor machine holds the larger divertor coolant pipe while the pipe is being cut. Then the second section of pipe is removed by the interior articulated maintenance arm. These maintenance actions are explained in more detail in subsequent sections that discuss the maintenance equipment.
IV.H. Technique for Removing Hot Shield Blocks for Blanket Plumbing Access
In a prior paragraph, the approach of removing shield blocks to gain access to cut the heat transfer fluid plumbing lines is discussed, as shown in the exploded view of Fig. 11 . One removal option is to use the main extractor maintenance machine, shown in Fig. 8 , to bring in end effectors to translate, rotate, and remove the shielding blocks and take them back into the transfer chamber for removal. Then a cutting machine is brought in to cut the two outer coolant pipes. These operations are done either by the main articulated boom or by one or more smaller auxiliary booms from the main port. The main boom then engages the main mounting fasteners from the front of the blanket module, disconnects the fasteners, and removes the module to the transfer chamber. This option has serial operations that can be done only through the main port, which is very time extensive. Due to the long duration of the serial operations, this is not the approach chosen.
Amore time efficient approach is to remove the shielding blocks and cut the pipe in parallel while the main port extractor machine is removing a disengaged blanket module. This requires another auxiliary maintenance port in this field period. The port size requirement for ECH of the plasma during start-up is approximately a square meter in size, which is also an appropriate size for an auxiliary maintenance port. A region was found 9,10 at a toroidal angle of 35 deg slightly above the horizontal midplane with low stresses in the coil structure to accommodate this 1-m 2 ECH0auxiliary maintenance port in each field period.
IV.I. Definition of ECH Launcher Assembly
The ECH system requires a waveguide launcher that extends from the first-wall surface back through the shield, vacuum vessel, and coil support. The design approach for the ECH launcher is shown in Fig. 13 . The ECH gyrotrons are located outside the bioshield and will be inside a controlled environment. Right-angle turns in the launcher tube help attenuate the neutron flux down the tube. Supplemental shielding at the ends of the tube helps capture the neutrons. In addition to the right-angle bends shown in Fig. 13 , there are two more horizontal rightangle bends just outside the coil structure. The waveguide launcher tube, bends, blanket, and shielding around the waveguide form a complete assembly that can be removed for refurbishment of the innermost portion of the launcher tube. The blanket modules surrounding the launcher tube are a part of the ECH. Since the assembly is in place during operation, there is no requirement for a bioshield door.
IV.J. Provisions for ECH Assembly Removal
The ECH launcher assembly is designed to be a selfcontained unit of launcher, blanket, and shielding that is separately cooled and removed as a single unit. Figure 14 shows the ECH assembly after removal from the power core and in the ECH and auxiliary maintenance transfer chamber. A section of the ECH launcher tube is removed and set aside to allow the assembly to be translated into the transfer chamber. The floor height is adjustable to accommodate both the ECH assembly and the auxiliary maintenance equipment. The ECH0auxiliary maintenance transfer chamber is very compact, so a special extraction mechanism might be employed to withdraw the assembly into the chamber.
The next step transfers the ECH assembly from the transfer chamber into a smaller transporter for transit to the hot cell for refurbishment. This sequence is shown in Fig. 15 .
IV.K. Auxiliary Maintenance Operations Conducted Through ECH Port
After the removal of the ECH assembly, the auxiliary maintenance equipment is brought into the transfer chamber and power core interior to assist in the disassembly of the blanket modules from the underlying shielding. This is shown in Fig. 16 . This auxiliary maintenance equipment specializes in removing the access shielding around the blanket piping and allows the main port maintenance equipment to operate at a higher degree of efficiency in removing the divertor and blanket modules. It is envisioned that one or more specialized end effectors is used to remove the shielding pieces. As they are removed, another arm will collect them in a basket or container for retrieval. After all the shielding blocks are removed for access to the piping for a particular blanket, a specialized pipe-cutting machine is positioned around the pipe in the Fig. 13 . ECH launcher assembly that extends through the bioshield, into the interior of the power core. annular opening inside the power core. These cutting machines currently exist to access the pipe in the envelope defined. These cutting machines also collect all debris from the cutting action. Welding units of a similar size are used for the reassembly of the blanket piping.
IV.L. Equipment and Procedures for Divertor Module Removal
Before the remaining blanket modules are replaced, the divertor modules are removed since they overlie the blanket modules. As stated previously, the divertor modules are supported from the vacuum vessel structure with the divertor piping. The technique of cutting the supporting outer coolant piping was discussed earlier. This section discusses the maintenance equipment to accomplish the blanket removal. First, the inner divertor coolant pipe and shielding is removed from the outside of the coil structure and vacuum vessel. Figure 17 shows the two sets of central maintenance equipment that remove the inner first divertor coolant piping at the inner, upper, and lower regions of the power core for 24 locations total. There are two maintenance machines located outside the coil structure that are located on the power core central vertical axis~upper and lower!. These maintenance machines have multiple articulated arms to gain access to the divertor plumbing access ports. A retrieval end effector removes access panels and the inner divertor pipe and shielding assemblies. After removal, robot cutter and clean up end effectors cut and clean up the outer divertor pipe. During the latter operation, the divertor module is supported by the main port articulated boom~also shown in Fig. 17 ! as the supporting divertor pipe is being cut. Following the cutting of the supporting pipe, the divertor module is removed from the power core with the main articulated boom and moved to the transfer chamber through the main port opening, as shown in Fig. 18 .
IV.M. Equipment and Procedures for Blanket Module Removal
Now that the overlying divertor modules are removed, the blanket module removal commences. As shown previously in Fig. 15 , the auxiliary articulated arms in the ECH port are removing the shielding blocks in preparation for severing the blanket coolant pipes.
Since the coolant pipes partially support the blanket modules, the main maintenance arm must provide temporary support for the blanket during the cutting operation. Figure 19 shows the main port articulated arm attached to a blanket module near the blanket port. It inserts special tools deep into holes along the edges of the blanket module, as shown in Fig. 10 . Special tools engage recesses built into the edges of the blanket near the holes to grip and support the blanket module. The special tools also extend deeper into the holes and disengage the captured internal wrenching nuts that hold the blanket module in place. The captured nuts are engaged with threaded studs in the underling hot shield. If well shielded against streaming neutrons, the studs, attached to the shield, could be lifetime components, whereas the captured nuts, attached to the blanket module, are replaceable along with the blanket module. Following the final cutting operation on the blanket coolant tubes, the auxiliary articulated arms commence operations on the next available blanket module shielding blocks. Once the blanket coolant pipes are severed and debris removed, the main port articulated arm removes the blanket module and transports it back to the hot cell, as shown in Fig. 20 .
In the front face of the hot shield, there are toroidal and vertical shear keys for module alignment and to resist shear forces. These keys, shown in Fig. 10 , fit into matching grooves in the back of the blanket modules. Alternatively, alignment pins could be used for alignment and to take the shear forces.
The same sequence of removing the shielding blocks, removing the mechanical fasteners, cutting the blanket cooling tubes by the auxiliary articulated arms, and removing the blanket modules is continued for the remainder of the blanket modules in the field period. As mentioned previously, these maintenance actions are being conducted in parallel in all three field periods.
IV.N. Inspection and Refurbishment of Power Core Interior
After the removal of all the divertor and blanket modules, the entire surface of the shield is exposed. At this time, inspection end effectors are placed on the auxiliary maintenance articulated arms to inspect and survey the entire shield surface for a field period. The inspection is to detect surface damage that would warrant further investigation of local areas for repair and0or replacement. The inspection also surveys all the fiducial datums and alignment features on the shield to determine if any distortions occurred on the lifetime components. These datums are used to make adjustments for the attachment of the replacement divertor and blanket modules. Time is allotted for these actions.
IV.O. Reassembly of the Power Core
The reverse sequence of operations is required for reassembly of the power core modules. Additional time is required for joining the coolant connections, cleaning up the weld residue, inspecting for leaks, and securing mechanical connections. This is the sequence of operations for the initial build of the power core.
IV.P. Cleaning, Bakeout, Power-Up, and Systems Checkout
To bring the power core back to an operational state, the new divertor modules, new blanket modules, and refurbished ECH assemblies are cleaned, baked out, powered up, and checked out prior to commencing fullpower operation.
V. ASSESSMENT OF POWER CORE MAINTENANCE SCHEDULING OPTIONS
The prior discussions focused on how the power core is maintained and refurbished. This section addresses scheduling of maintenance and the duration of each operation. All the field periods are identical in their makeup of modules and ancillary equipment. Thus, scheduled maintenance is conducted simultaneously at all three ports at the end of the current blanket and divertor lifetime of 3.0 full-power years~FPY!. This provides the shortest maintenance time but requires three complete sets of maintenance equipment plus any required spares.
A second option is to replace only half the divertor and blanket modules in all three field periods, alternating the right and left half of each field period every 1.5 FPY. Since the blanket modules cannot be individually removed, they have to be removed in a certain sequence, starting from the main port opening and then working away from the opening. Therefore, the right0left replacement scheme always has to remove those blankets in the port sector each time. They cannot be rewelded due to radiation damage to their piping; thus, they have to be replaced every 1.5 FPY. Therefore, there is additional cost and time associated with the right0left replacement scheme. It still requires three full sets of maintenance equipment.
Another option is to replace only one complete field period at a time, once every three years. There is no extra replacement hardware required for this option, and it uses only one set of maintenance equipment, but that set of maintenance equipment is used three times as often. The disadvantage is that the downtime for cooldown, access to the machine, inspection, checkout, and start-up is duplicated three times every 3.0 FPY, as opposed to once for the first option and twice for the second option. The decision regarding which of the three options is the most suitable also depends on the frequency and duration of general plant maintenance. The downtime needed for scheduled maintenance of the entire plant can be used for the parallel replacement of power core components. If, for example, the plant is shut down for two weeks once every year, this time could be used for the replacement of a part of the blanket modules, reducing in this way the impact of power core replacement on total availability. This method is employed in fission power plants, where, for example, every year a third of the fuel elements is replaced during the scheduled maintenance of the entire plant. This corresponds with the third option described above, with either the replacement of all blanket modules in one field period or the replacement of half the modules in two field periods. However, there is a strong incentive to push for the option with the highest availability and extend all of the plant scheduled maintenance periods to match that of the power core.
Since it was not possible in the time frame of this study to get sufficient information on the required maintenance of the entire plant, the first option of maintaining all three field periods simultaneously is selected as the baseline maintenance approach. There is a trade-off between the first and third options, depending on the times and the cost of maintenance equipment, that may need to be revisited in the future when more detail is known.
The technology of forecasting failures in the blanket modules will be a necessary research and development effort because the financial impact of having a large baseloaded plant out of service is significant. Unscheduled downtimes can have a more profound impact on availability than scheduled downtimes, so it is anticipated that a predicted impending failure might be capable of being forecast in the time frame of this plant. The decision regarding whether to remove enough divertor and blanket modules to replace the faulty one or to replace all the modules in a field period will have to be made based on the remaining core lifetime. The geometry constraint of the compact stellarator blanket modules is such that, on average, many modules may have to be removed in sequence to obtain access to the faulty module.
VI. MAINTENANCE AND AVAILABILITY ANALYSIS
The maintenance approach is defined and supported with selected maintenance equipment and facilities. The following sections analyze the maintenance actions and durations necessary to remove and replace the lifelimited power core parts.
VI.A. Maintenance Analysis Basis
The maintenance actions are defined to be those necessary to gain access to, remove, and replace all life-limited components inside the power core. Those components are the divertor modules, blanket modules, and parts of the ECH launcher assembly. All of these components are designed to have the same operational lifetime of 3.0 FPY. The chosen maintenance scenario replaces all components at one time. Since there is a varying neutron wall load~NWL! on the first-wall surface, one or more blanket modules will be at its end of life, while others in a lower NWL region are replaced before their actual end of life. This is likely the most cost-effective approach, but more detailed analyses will be necessary after lifetimes are better defined and maintenance scenarios are demonstrated.
Each maintenance action is identified and an estimate of the time to complete the action is defined. The basis for this conceptual design is that it is representative of a tenth-of-a-kind plant. There will also be a demonstration plant and a prototype plant that will precede the commercial plants. Further, it is assumed that the maintenance facilities, equipment, procedures, and timelines have been defined, developed, and refined to achieve a mature process at the tenth-of-a-kind plant.
The maintenance equipment is remotely operated and nuclear hardened due to the radiation hazard. The equipment is also highly autonomous, with known actions predetermined. The degree of human intervention is anticipated to be minimal, except for abnormal situations. The paths of the articulated arms are fully defined in advance and optimized for step duration, component safety, maintenance equipment load, and arm deflection. The duration estimates are based on these assumptions.
VI.B. Maintenance Time Lines
All the steps in the shutdown period, removal operations, inspection and repair, reassembly, and start-up are estimated. These time steps are summarized at a high level in Table II . Each time step was analyzed for the distance traveled, mass and shape of the object transported, and the path and constraints observed. The Appendix contains the detailed time steps for all the actions shown in the summary chart. For example, there are 48 steps in the removal of the main port opening to remove the main port bio shield door, remove the vacuum vessel main port shielding assembly, and remove the main port blanket0shield0coolant manifold assembly, which takes about 10 h to complete. Table II shows all the governing steps along with the other operations that are conducted in parallel with the governing operations. The shutdown and preparation for maintenance and removal of the main port opening are singular tasks that must be done each time the interior power core maintenance is performed. Likewise, there are similar operations on closing the power core and start-up sequences. After access is provided to the interior of the power core, the repetitive tasks commence, such as removal of the divertor plates or modules and the blanket modules. The data shown in Table II are just summary times for the sets of operations. Full detail of the sequence and durations of maintenance actions are reported in the Appendix.
The total disassembly time is 475 h and the reassembly time is 753 h. The time difference is due to slower movements and installation procedures. There is additional time for inspection and checkout of components and systems. The total downtime is estimated to be 1230 h every 3.0 FPY. This equates to an inherent availability of 95.5% for the power core replaceable items.
The main time advantage of the maintenance scheme proposed in this approach is that there are many simultaneous parallel operations. Table III shows a summary of the maintenance actions that are being conducted in the main port, the auxiliary port, and the central biochamber manipulators. The shaded cells indicate which operations are governing and which are being conducted in parallel or sitting idle. The table illustrates that removing the shielding blocks to gain access to the blanket coolant tubes and cutting the tubes is the most time-consuming operation. This is also true for the reconnection of the blanket coolant pipes and replacing the shielding blocks. The overall maintenance operation could significantly improve if the method of blanket plumbing disconnection and reconnections were simpler and more accessible.
VI.C. Availability Analysis
With these durations of the scheduled maintenance periods for the major scheduled actions for the power core, the plant availability is computed. With a total scheduled time of 1229.6 h or 51.12 days occurring every 3 FPY, this translates into an annual maintenance time of 17.08 days0FPY or an inherent availability of 95.5%. To be comparable with the ARIES-AT maintenance results, 5 the maintenance estimates for the minor scheduled power core, unscheduled power core, scheduled and unscheduled reactor plant equipment, and scheduled and unscheduled balance of plant are adopted as shown in Table IV . The resultant total power plant availability is 84.6%. This value of plant availability will be used in the ARIES-CS Systems Assessment. 14 This is consistent with the experience of existing power plants for the reactor plant and balance-of-plant inherent availabilities. This trend is expected to continue in this future time period. The scheduled minor power core maintenance will likely be a fraction of the major scheduled maintenance times since much of the repair of these minor components can be done off-line. The most difficult issue is the prediction of unscheduled major power core maintenance. If it is assumed that an unscheduled failure would require, on average, removal of one-fourth of the modules in a field period~one side of the main port and half of the modules on that side would be replaced!, the unscheduled time might be on the order of 16 days~accounting for ingress and egress and removal of half of components! per failure. Therefore, the allocation of 20.56 days0FPY would be sufficient for a major failure each FPY with some additional time left over for minor leaks that would be repairable in situ.
Since the input data into the availability analysis is largely conjecture on the duration of maintenance actions for a distant future plant, it is useful to analyze the effects of the variability of the input variables-a sensitivity analysis. Ten percent changes~plus and minus! from the nominal input values for the ARIES-CS availability analysis, shown in Table IV , were reentered into the availability equation. The sensitivity analysis results are shown in Table V . The scheduled and the unscheduled maintenance durations for the major power core are the largest durations; hence, they produce the greatest changes in the availability. However, a 10% change in these variables produces only a 0.4 to 0.5% change in availability. Therefore, large changes in the estimated plant maintenance durations have little effect on plant availability. 
VII. SUMMARY AND CONCLUSIONS
A conceptual design approach for the maintenance approach for the ARIES-CS is defined to include the techniques to maintain the power core, the required maintenance equipment, and associated maintenance facilities. Maintenance procedures to remove, inspect, and replace life-limited power core components down to individual maintenance actions are defined and durations are estimated. These procedures are analyzed for parallel and sequential operations to estimate the scheduled maintenance times for power core refurbishment. These scheduled actions are combined with representative maintenance times for unscheduled power core and total maintenance durations for reactor plant equipment and balance-ofplant equipment as used in the ARIES-AT study to determine the estimated plant availability for the ARIES-CS power plant. With the utilization of the postulated maintenance approaches and procedures, it is predicted that ARIES-CS could achieve a plant availability of 85% with only one-third of the unavailability caused by scheduled power core maintenance. This availability would be in line with other competing base-load power generation capabilities and would help fusion power plants be economically competitive. Continued!
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